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4.4 DRAG AND NOISE MEASUREMENTS ON AN UNDERWATER VEHICLE WITH
A RIBLET SURFACE COATING

M.C. Giilcrist and L.W. Reidy - Naval Ocean Systems Center, San Diego, California. \

INTRODUCTION

From 50 to 80 percent of the energy expended by marine vehicles (ships, submarines,
torpedos, etc. ) is used solely to overcome turbulent skin drag. It is not surprising, therefore,
that both government and industry have invested heavily in research focused on the prob-
lem of turbulent skin friction. Of the many approaches to reduction of turbulent skin drag,
the recently introduced riblet concept is among those that show the greatest promise for
application to existing hull forms.

The use of streamwise microgrooves, or riblets, for turbulent skin friction reduction ori-
ginated at NASA Langley for aerodynamic applications. The grooves are defined by peak
height (h) and peak to peak spacing (s) as illustrated in Fig.l. For most pracical drag
reduction applications, the grooves are barely discernible to the naked eye. Although a
wide range of groove geometries have been tested, researchers (references 1-3) have found
that the sharply peaked symmetric v-groove (h + - s + - 13 to 15 ) is optimal, providing a
decrease in skin friction of about 8%. The scaling parameter, s t is defined by equation 1.

SV2 ,

Recognizing the commercial potential of riblet technology, the 3M Company developed a
technique to accurately manufacture riblets in an adhesive-backed extruded vinyl film.
Encouraged by the effectiveness of riblets in the aerodynamic arena, hydrodynamicists have
begun testing riblets in water. Experiments conducted in the Naval Ocean Systems Center
(NOSC) water tunnel with riblets on a flat plate (references 3,4,5) have demonstrated
hydrodynamic drag reductions which compare favorably with similar tests performed in
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wind tunnels. Attempts to accurately measure the improved performance of ribl coated
marine vehicles are rather limited. Drop tank tests conducted by the Naval Underwater
Systems Center employing a 4 inch (0.102 m) diameter axisymretric body (reference 6)

indicate that riblets reduced skin friction by a maximum of 6.8%. The purpose of this study
was to investigate both the drag and noise reducing effects of riblet surface coatings on full
scale vehicles operating in the marine environment.

The turbulent boundary layer wall pressure fluctuations are generally proportional to the
skin friction coefficient. For this reason, drag reduction techniques are good candidates for
noise reduction investigation. An experiment, by Lancey of California State University at
Fullerton and the authors of this report (reference 7), measured wall pressure fluctuations
for 3M riblets on a flat plate in a wind tunnel. Pinhole measuring ports (d' - 60) allowed
measurement of the majority of the turbulent boundary layer spectrum. A 2.8 dB reduction
in unsteady wall pressure was measured at frequencies around the peak of the spectrum for
riblet s + equal to 13. Encouraged by the favorable wind tunnel results, the authors felt that -

the effects of riblets on noise merited further investigation.
The primary objective of this research was to measure the change in drag and noise on a

marine vehicle coated with riblets. In order to accomplish the stated objective, the rible :s
were tested on a large axisymmetric buoyant vehicle in a deep fresh water lake in no'thern
Idaho. This report will outline the approach and present the results of this experiment.

BUOYANT TEST VEHICLE EXPERIMENT

Vehicle Description and Test Facility

The buoyant test vehicle (BTV), shown in Fig. 2, is owned and operated by the
Admiralty Research Establishment, United Kingdom. The BTV is a torpedo shaped body,
which, when hauled down to depth and then released, ascends back to the surface propelled
solely by its buoyancy. Terminal velocity is quickly attained so that most of the ascent is at
a constant speed. The terminal velocity can be varied from test to test by changing the net
buoyant force with the addition or subtraction of lead ballast. Stabilizing fins ensure that
the vehicle remains in the vertical plane during ascent. On board sensors monitor vehicle
depth, pitch and yaw, from which the ascent speed and trajectory can be computed follow-
ing a test series. The recorder section houses a tape recorder, power supply, control elec- "
tronics and interface electronics to support a wide spectrum of sensors and instruments.-The primary advantagec of such a test vehicle is the absence of engine and propulsor noise, 4

which makes it attractive for flow noise experiments. A secondary advaintage lies in the
fact that for a fixed net buoyancy, the terminal drag on the vehicle remains the same from
test to test, thus, the efficacy of a drag reducing coating can be easily determined by
measuring the difference in vehicle terminal velocity with and without the coating. The
BTV, as configured for the riblet experiment, measured 295 inches (7.5 m) in length, 21
inches (0.53 m) in diameter, and could attain a speed of about 40 knots.

The test site, located in Bayview, Idaho on Lake Pend Oreille, is operated by the David
Taylor Research Center's Acoustic Research Detachment. Lake Pend Oreille is we!l suited

for experiments of this type because it has a low ambient noise level, is free from currents.
has a uniform temperature profile below 150 ft (46 m) and is very deep. The lake's depth.
over 1,200-ft (366 m), permits relatively long ascents at terminal velocity, thereby affording

* adequate time for data collection. The haul-down system, illustrated in Fig. 3, is driven by
a shore based winch and is capable of hauling the test vehicle from the lake's surface to a
depth of 1200-4t (366 m). If the lake above the vehicle is clear of recreational boat tratic. 4
the BTV is released to "pop-up'to the surface.

ti1
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Test Plan

The main purpose of this study was to assess the effect of riblets on both the noise and
drag characteristics of marine vehicles, thus the primary goal of the BTV experiment was to
measure vehicle speed and flow noise during the tenninal velocity phase of the ascent. The
test procedure called for data collection both with and without.riblets. The only variable in
the experiment, besides the presence or absence of riblets, was the vhicle net buoyancy.
and this was varied by the addition of lead ballast. The weight and volume change due to
the riblet coating alone altered the net buoyancy by approximately one pound, which
translates into a 0.1% variation in terminal velocity. The lead ballast changes corresponded
to three nominal speeds, henceforth referred to as high-speed, mid-speed and low-speed.
The test plan called for a total of eighteen pop-ups (6 runs at each speed), half with ribicts
and half without riblets. The actual test program, yielded seventeen runs of useable data.

BTV Drag

The drag force, D, on a vehicle with cross sectional area, A, moving with velocity, V,
can be computed as:

D = " C,,pAV 2  (2)

where Cd, the nondimensional drag coefficient, is usually determined experimentally. The
coefficient of drag can be thought of as a dimensionless value representing the distribution
of pressure and shear-stress around the body. Thus one can think of Cj as consisting of one
component which accounts for the form drag and another which accounts for the' skin fric-
tion. Riblets can only reduce the shear-stress component of the drag and only on the coated
portion of the vehicle's surface. Seventy-five percent of the total drag on the BTV is due to
friction. Practicality dictated that only 76% of the BTV's surface be coated with riblets. If
the riblet coated surface realizes a skin friction reduction of 8%, the overall drag reduction
is calculated to be 5%. If we leave the vehicle's net buoyant force unchanged and run the
vehicle with and.without riblets, we would expect to measure two different terminal veloci-
ties, V" and V respectively, where (V/V')2 = C'j/C. For an overall drag reduction of 5%,
V' = 1.0236V. This implies that the BTV will realize a 2.36% speed increase with the addi-
tion of riblets (covering 76% of the vehicle's surface), if the riblets provide the optimum
skin friction reduction of 8%. This optimum value is predicted only if the riblets are
correctly sized, that is , s + must fall between about 13 and 15. From equation I we see that
s +  at a given point on the vehicle, depends on the local skin friction coefficient, C1, the
free-stream velocity, U , and tl: groove size, s. U, equals the terminal velocity and is
therefore the same for all points on the vehicle. Since C1 varies over the length of the BTV,
the optimum riblet size, s, varies over the length as well. C1 along the uncoated BTV sur-
face was predicted using a computer program which solves both the axisymmetric pott.ntial
flow problem and the boundary layer e.quations. Knowing C,, s I was then computed using
equation 1. Fig. 4 presents a ;Aot or s + ver-,us position along the BTV for a vehicle speed of
39.7 knots and an s of 0.0013 inches (33 prm). It is clear from the figure, that for this speed
and groove size, s + falls within the optimum range of 13 to 15 over most of the vehicle
length. For this reason, the authors opted to apply only one riblet size, s 0.0013 inches
(33 pm), over the portion of the vehicle indicated.

BTV Speed

A pressure transducer mounted in the tail section was used to monitor the hydrostatic
pressure the vehicle sees during its ascent to the surface. Following the test, the analog
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signal was sampled to provide approximately 50 data points from the terrinal velocity
phase of the ascent. A linear fit of these data points was performed by ARE's computer

program SPEEDFIT. Vehicle speed was obtained from the slope of this curve. The error in

the curve fit velocity was less then 0.25% for all pop-ups.
The BTV test procedure involved performing pop-ups at a given ncr buoyancy both with

and without riblets. Three nominal speeds were investigated: high speed, approximately 40
knots; mid-speed, approximately 34.5 knots; and low-spced, approximately 31.5 knot. A

riblet size, s, was selected, as evidenced in the previous discussion of Fig.4, to produce an

optimum s + at the BTV's top speed. It was believed that pop-ups at the mid and low-speed
values would help establish the shape of the drag reduction versus velocity curve, in addi-
tion to providing flow noise data.

BTV Drag Results

Table I presents the speed and drag results of the seventeen pop-up tests conducted. A
speed increase of 2.3% +/- .3% was measured for the vehicle ascending with riblets at the
vehicle top speed. This compares favorably with the 2.36% speed increase predicted. The

results of the mid and low-speed pop-ups appear to be somewhat inconsistent. The s + for

the mid-speed runs ( 12 < s+ < 13 ) should yield greater drag reduction than that for the

low-speed tests ( I < s + < 12 ), however, the speed increases for both cases are practically

identical (1.3% and 1.4% respectively).

Table 1. Buoyant Test Vehicle Speed and Drag Results

Test Case Percent Speed Increase Percent Skin Friction Reduction

High-Speed 2.3 +/-.3 7.7
Mid-Speed 1.3 +/-.3 4.4

Low-Speed 1.4 +/-.3 4.8

BTV Flow Noise Instrumentation

Four different types of noise data were obtained during the Buoyant Test Vehicle pop-
ups.u ) turbulent boundary-layer pressure fluctuation data from individual flush-mounted

piezoelectric pressure transducers along the side of the vehicle;

2) accelerometer data;
3) self-noise data from the nose sonar array; and
4) self-noise data from a flank array.

Results from the flush-mounted individual pressure transducers and accelerometers are

reported in this paper. The self-noise data from the nose array was collected and analyzed

by the Naval Underwater Systems Center (T. Galib), and shows that within the uncertainty

of these measurements, there was no difference between the baseline runs and the riblet

runs. The flank array data was collected and analyzed by the British Admiralty Research

Establishment (J. Bainbridge), and shows an increase in noise due to riblets of up to 10 dB

for the acoustic field between 30 kHz and 135 kHz. This unexpected result is still under

investigation and will not be discussed here.
The output from two accelerometers and four individual flush-mounted pressure trans-

ducers was recorded on board the vehicle. Figure 2 shows the locations of the transducers

that were used, referred to in this report as PTI, PT2, PT3, and PT4. PTI and PT2 were

PCB model 105A03 sensors with 0.1 inch (0.25 cm) diameter faces, while PT3 and PT4
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werc PCB model 112A21 sensors with 0.218 inch (0.55 cm) diameter faces. Born modJ.i
were quartz piezoelectric transducers with stainless steel casings. The acceleromcters were
PCB model 303A02, mounted on the inside surface of the vehicle shclls. Accelerometcr I
was in the immediate vicinity of PTI and PT2, and accelerometer 2 was in the immediate
vicinitv of PT3 and PT4. This data was recorded with the on board Honeywell 5600 tape
recorder using wide band FM channels at a tape speed of 60L inches per second (1.5 mres).
Following a series of pop-ups, a strip chart recorder was used to reproduce the data in hard
copy form. The noise data was analyzed on-site using a Hewlett Packard 3561A spectrum
analyzer, a . an rms averaging circuit.

Since the effect of the application of vinyl coatings over the faces of the flush-mounted
transducers is not well understood, tests were conducted in a water tank prior to the BTV
tests in Idaho. Two methods were determined to be valid for comparing baseline and riblet
buoyant vehicle runs. Bo" nethods involved coating the vehicle surface in the vicinim- or
the transducers with plain , ooth vinyl film, 0.003-inch (76 pm) thick, for the baseline runs
and with v-groove film (0.003-inch thick plus the grooves) for the riblet runs. In addition.
both methods required slicing the film coating around the circumference of the transducer
faces. The difference between the two methods is simply that in method-I the circular patch
of film on the transducer face is removed, while in method-2 the film on the transducer face
is allowed to remain. Method-2 was employed for transducers PT2 and PT4, and method-I
was used for transducer PT1. Neither method was applied to transducer PT3. The film
covering PT3 was not cpt.

BT V Flow Noise Results

The level of rms wall pressure fluctuations increases approximately with the square of
velocity. Because the riblet coating results in a measured gain in vehicle speed, the
expected rise in sound pressure level can be computed. This increase in sound pressure
level is predicted to be 0.39 dB for the high-speed test configuration. However, the data
from the flush-mounted pressure transducers shows essentially no difference between base-
line and riblet runs. This indicates that the additional speed due to the presence of the
riblets was achieved without the rise in noise level that usually accompanies an increase in
velocity.

A typical pressure transducer spectrum from PT4 is shown in Figure 5, comparing one
of the high speed baseline runs to one of the high speed riblet runs. The levels are reported
as dBV, which is voltage output from the transducers and amplifier cards relative to 1 Volt.
The ambient levels were recorded prior to the release of the vehicle as a check. On a spec-
trum of this type, it is not possible to distinguish 0.39dB in comparing the baselinc and
riblet runs. Comparisons of PT4 and Accelerometer 2 show different frequency content
below 10kHz, indicating that for those frequencies the predominant pressure transducer
response is not due to shell vibrations. Below approximately 7.5 kHz, the pressure trans-
ducer is believcd to be responding to the wall pressure fluctuations impinging on the trans-
ducer. Between 7.5kHz and 40kHz, it is probably responding to a combination of the radi-
ated acoustic flow noise and shel7 vibrations, and above 40kHz, the Iv, recording is not
usable.

The rms average for PT4 is plotted versus vehicle speed in Figure 6. Each point is the
average of three runs (two runs for the low speed baseline). The average standard deviation
of the rms averages for the baseline runs was 0.23dBV. The uncertainty based on the divi-
sions used for reading values off the strip chart, however, is ±0.SdBV. When the data for
PTI, PT2, PT3 and PT4 are all examined, it appears that the speed advantage of the riblets
was gained without an associated increase in noise. This is especially true for the
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transducers that had riblet material on their measuring faces, PT: and PT.S. It !.hould be
noted, however, that because the transducer diameters were large compared to the boim-
dary layer thickness (d' > 890), the wall pressure fluctuations were only measured for ttc
low frcquenc end of the turbulent boundary layer spectrum.

CONCLUSLONS

Experiments were conducted to determine the effects of riblet coatings on the drag ad
noise characteristics of an underwater vehicle. The v-groove vinyl riblet coating, made by
the 3M Company, was applied to the majority of the turbulent boundary layer region of an
axisymmetric buoyant body. A velocity increase of 2.3% +/-0.3% was measured. This velo-
city increase was in agreement with predictions based on 8% skin friction reduction for the
area covered wifh the riblet material. Pressure transducers mounted on the side of the vehi-
cle indicated that the low frequency turbulent boundary layer noise did not increase due to
the increase in speed caused by the riblets.
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Figure 1. Riblet Groove Geometry (h-s)
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Figure 2. Schematic Drawing of the Buoyant Test Vehicle
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Figure 3. Schematic Drawing or the Buoyant Test Vehicle Haul-down System
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Figure 4. s + vs. BTV Length for s=0.00 1 3inch Riblets at High Speed
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Figure 5. Frequency Spectra for BTV Pressure Transducer 4 during High Speed Runs
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Figure 6. RMS Avernge for BTV Pressure Transducer 4 in dBV vs. Vehicle Speed


